Abstract The cystatins are inhibitors of papain-and legumain-like cysteine proteinases, classified in MEROPS subfamilies I25A-I25C. This study shows that 84 % (42/50) of tick cystatins are putatively extracellular in subfamily I25B and the rest are putatively intracellular in subfamily I25A. On the neighbor joining phylogeny guide tree, subfamily I25A members cluster together, while subfamily I25B cystatins segregate among prostriata or metastriata ticks. Two Ixodes scapularis cystatins, AAY66864 and ISCW011771 that show 50-71 % amino acid identity to metastriata tick cystatins may be linked to pathways that are common to all ticks, while ISCW000447 100 % conserved in I. ricinus is important among prostriata ticks. Likewise metastriata tick cystatins, Dermacentor variabilis-ACF35512, Rhipicephalus microplus-ACX53850, A. americanum-AEO36092, R. sanguineus-ACX53922, D. variabilis-ACF35514, R. sanguineus-ACX54033 and A. maculatum-AEO35155 that show 73-86 % amino acid identity may be essential to metastriata tick physiology. RT-PCR expression analyses revealed that I. scapularis cystatins were constitutively expressed in the salivary glands, midguts and other tissues of unfed ticks and ticks that were fed for 24-120 h, except for ISCW017861 that are restricted to the 24 h feeding time point. On the basis of mRNA expression patterns, I. scapularis cystatins, ISCW017861, ISCW011771, ISCW002215 and ISCW0024528 that are highly expressed at 24 h are likely involved in regulating early stage tick feeding events such as tick attachment onto host skin and creation of the feeding lesion. Similarly, ISCW018602, ISCW018603 and ISCW000447 that show 2-3 fold transcript increase by 120 h of feeding are likely associated with blood meal up take, while those that maintain steady state expression levels (ISCW018600, ISCW018601 and ISCW018604) during feeding may not be associated with tick feeding regulation. We discuss our findings in the context of advancing our knowledge of tick molecular biology.
Introduction
In public health, an increasing number of human tick borne diseases have been discovered (Bratton and Corey 2005; Fish and Childs 2009 ) since the discovery of Borrelia burgdorferi as the causative agent of Lyme disease in the 1980s (Burgdorfer et al. 1982; Burgdorfer 1986 ). The USA Centers for Disease Control (CDC) April 6th 2012 (http://www.cdc.gov/ticks/diseases) update listed 12 human tick borne diseases (TBD) in the USA. Causative agents of 4 of the 12 human TBDs, borrelisosis, anaplasmosis, babesiosis and Powassan virus infections are vectored by Ixodes spp (Bratton and Corey 2005; Fish and Childs 2009) . The importance of Ixodes tick species in public health was the justification for sequencing the I. scapularis genome (Pagel et al. 2007; Nene 2009 ). The availability of the I. scapularis genome sequence data coupled with multiple tick EST resources in GeneBank have opened up opportunities to understand molecular pathways that are at play in tick physiology. Using sequence resources from the I. scapularis genome data, we are interested in understanding the roles of proteases and protease inhibitors in regulating tick feeding physiology, acquisition, maintenance and transmission of disease agents by ticks as a means to find vaccine development targets. In previous studies, we have characterized protease (Mulenga and Erikson 2011) and, temporal and spatial profiling of serine protease inhibitors (serpins) family (Mulenga et al. 2009 ) in the I. scapularis genome. In this study the goal was to characterize cystatin superfamily in the I. scapularis genome and other ticks.
The cystatin superfamily is composed of a large group of cystatin domain-containing proteins that function as tight-binding and reversible inhibitors of the papain-like and legumain cysteine proteases (Barrett 1985 (Barrett , 1986 Rawlings and Barrett 1990) . On the basis of structure, cystatins have been classified into three families, 1, 2 and 3 or stefins, cystatins and kininonongen respectively (Ochieng and Chaudhuri 2010) . On the MEROPS database cystatins have been placed into family I25, which contains three subfamilies, I25A, B and C (Rawlings et al. 2012) . In other parasitic organisms (Klotz et al. 2011 ) majority cystatins were putatively annotated in subfamily I25B. Originally cystatins were characterized as inhibitors of lysosomal cathepsin cysteine proteases (Kopitar-Jerala 2006) , which from the standpoint of tick vaccine development will be unattractive. Recent data have however, revealed alternative biological functions of cystatins in the extracellular environment Turk and Bode 1991; Abrahamson 1994 ) that make them appealing targets for tick vaccine development. These functions include cytokine induction role in tumorigenesis, tissue remodeling, renal function, immune-regulation (Ochieng and Chaudhuri 2010; KopitarJerala 2006) .
Cystatins have been identified in multiple tick species (Sonenshine et al. 2011; Zhou et al. 2009 Zhou et al. , 2010 Yamaji et al. 2009 Yamaji et al. , 2010 Francischetti et al. 2008a, b; 2009; Grunclová et al. 2006a, b; Lima et al. 2006) . Several lines of research point to the importance of cystatins in tick physiology (Schwarz et al. 2012; Horka et al. 2012) . RNAi silencing of cystatins in I. scapularis (Kotsyfakis et al. 2007 ) and A. americanum (Karim et al. 2005) or feeding I. scapularis ticks or Guinea pigs (Kotsyfakis et al. 2008) or Ornithodoros moubata (Salát et al. 2010 ) that were immunized with a recombinant tick salivary gland cystatin caused significant reductions in tick feeding efficiency. In a recent study an I. scapularis tick salivary gland cystatin that retained the consensus cystatin secondary structure fold was shown involved in B. burgdorferi transmission (Kotsyfakis et al. 2010a, b) . Studies based on recombinant tick cystatins have provided insight that native tickencoded cystatins are functional inhibitors of cathepsin-like cysteine proteases (Kotsyfakis et al. 2006; Lima et al. 2006; Zhou et al. 2006 Zhou et al. , 2009 Zhou et al. , 2010 Grunclová et al. 2006a, b; Yamaji et al. 2009 ). In other studies, recombinant cystatins affected the function of immune cell functions (Salát et al. 2010; Sá-Nunes et al. 2009 ). In this study we have used bioinformatics analyses to identify cystatins that are conserved in most ticks and RT-PCR expression analyses to describe the relationship of I. scapularis cystatins to the tick feeding cycle. We discuss our findings in the context of advancing our knowledge of the molecular physiology of ticks and discovery of target antigens for tick vaccine development.
Materials and methods

Bioinformatics analyses of tick cystatins
Bioinformatics analyses of tick cystatins were done using Geneious Pro version 5.63 (http://www.geneious.com/web/geneious/geneious-pro) and the MacVector (Accelrys, Inc, San Diego, CA) sequence analyses software. Tick cystatin sequences used in this study were downloaded from Genebank were downloaded using the Geneious software to create a local database. Downloaded cystatin sequences are from I. scapularis, Rhipicephalus sanguineus, Amblyomma variegatum, A. maculatum, Dermacentor variabilis, Ornithodoros moubata, O. coriaceus, Haemaphysalis longicornis and R. microplus (Table 1) . To gauge the phylogeny relationship among tick cystatins, 50 tick cystatin amino acid sequences (Table 1) were subjected to multiple sequence alignment analyses using the Geneious aligner (http://www.geneious.com). The Geneious aligner used in this study is based on the Needleman-Wunsch and Smith-Waterman pairwise alignment algorithm (ref) and the implementation of a progressive pairwise algorithm for multiple alignments in the Geneous software package. Aligned sequences were used to construct a bootstrap value supported phylogeny tree using the Neighbor joining method. Sequences that clustered together on the phylogeny tree were subjected to pairwise alignment analysis using MacVector sequence analysis software to determine sequence relationships within each cluster. Sequences were considered highly cross-tick conserved if [50-100 % amino acid identity levels were observed among cystatin sequences in different tick species. To gain insight on features that characterize tick cystatins, amino acid motif scanning and signal peptide prediction were done using the Genieous Pro software package.
Tick feeding, dissections and total RNA extraction Adult I. scapularis ticks that were used in this experiment were purchased from the University of Oklahoma tick-rearing laboratory. A New Zealand White rabbit without prior exposure to tick infestation was used to feed ticks under humane conditions according to an approved animal use protocol. During feeding, ticks were placed into a two-inch orthopedic cotton stockinet cell that was attached on top of the rabbit ear using Kamar adhesive (Kamar, Steamboat Springs, CO). For dissections, unfed ticks and those that were fed for 24, 72 and 120 h were dissected according to previously published methods (Mulenga et al. 2003) . Ticks were placed on a glass slide that was treated with molecular grade water DEPC water. The dorsal shield was removed utilizing a sterile razor blade and a soft tissue Exp Appl Acarol (2013) 60:41-53 43 Dermacentor silvarum ADZ23478
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forceps. Tick organs, salivary gland (SG,) and midgut (MG), and remnant tissues (OT) were teased out using forceps and 18 gauge needles. Dissected SG, MG and OT tissues were pooled from 18 unfed ticks, 15, 10 and 6 24 h, 72 h and 120 h ticks, respectively. Tissues were dissected directly into the RNA extraction reagent Trizol (Invitrogen) and stored at -80°C until used for total RNA extraction. To extract RNA, tissue samples were thawed at room temperature and homogenized using a Sonic dismembrator model 100 (Thermo Fisher Scientific). Total RNA was extracted using the Trizol reagent following manufacturer's protocol (Life Technologies, Carlsbad, CA). RNA concentration and purity was determined using Beckman DU640B spectrophotometer (Beckman Coulter, Brea, CA).
Temporal and spatial expression analyses
To determine temporal and spatial gene expression patterns of I. scapularis cystatins during the first 5 days of tick feeding, specific primers in Table 2 were subjected to twostep titration semi-quantitative RT-PCR as previously described (Mulenga et al. 2008) . We restricted our analyses to the first 5 days of tick feeding because of our lab interest to investigate early stages of the tick feeding process. Total RNA (0.5 lg) was used for firststrand cDNA synthesis with the qScript TM (Quanta Biosciences), using oligo dT priming, following the manufacturer's protocol (Quanta Bioscience, Gaithersburg, MD) in 20 ll reaction. The cDNA template was then diluted 10 fold with molecular grade water to *200 ng/ll. Prior to conducting the semi-quantitative PCR analysis, we determined PCR product saturation points for our target genes and the internal control tick actin gene using primers in Table 2 . Subjecting samples to 25, 30 and 35 PCR cycles did this. This analysis revealed that, PCR product saturation points were reached after [28 PCR cycles. Thus, ubsequent PCR amplification was conducted for 28 cycles below the PCR product saturation points for all targets. Routinely, *200 ng of the cDNA template was used in a PCR reaction containing MyTaq PCR Master Mix (Promega, Madison, WI, USA), cystatin primers (Table 2) at 0.1 lM final concentration in a 30 ll reaction. The cycling conditions were an initial denaturation of 94°C for 2 min, followed by 28 amplification cycles of 94°C for 30', 55°C for 30', and 72°C for 1 min, and a final extension of 72°C for 5 min. For template normalization control, actin primers (Table 2 ) at 0.1 lM final concentrations in a 30 ll reaction were used. Equal volume, of 15 ll of each PCR product were electrophoresed on a 2 % agarose gel with added ethidium bromide. To determine cystatin transcript abundance, densitograms of PCR bands were normalized against tick actin PCR band densities. Densitograms were determined using the Image J software (http:// rsb.info.nih.gov/ij). Transcript abundance in each sample was normalized according to the formula: Y = V ? V(H-X)/X, where Y is the normalized mRNA density, V is the observed cystatins PCR band density in individual samples, H is the highest tick actin PCR band among tested samples and X is the tick actin PCR band for the test sample (Mulenga et al. 2008) .
Results
Bioinformatics analysis of tick cystatins
At the time of this analysis, 50 unique tick cystatin sequences (Table 1) were deposited in GeneBank. The 50 amino acid sequences were aligned using the Geneious aligner and then the guide tree constructed using the neighbor-joining method. On the guide tree that was out-routed from the human cystatin sequence (AAA36115), 50 tick cystatin sequences segregated into two clades, ''A'' containing eight of the 50 sequences and clade ''B'' containing the rest (Fig. 1) . In clade ''A'', the lone I. scapularis cystatin (AY66864) sequence segregated together with metastriata tick sequences from A. maculatum (AEO35899), H. longicornis (ABZ89553), D. variabilis (ACF35512), R. sanguineus (ACX53850) and R. microplus (ABG36931). The rest of the I. scapularis cystatins segregated with the majority of other tick cystatins in clade B. In clade B, sequences further segregate into specific sub-clusters (SC) 1-11. Except for ISCW011771 in SC1 that segregate with O. moubata (AAS010201 and AAS55948) and A. maculatum (AEO35689) as well as ISCW017681 in SC4 that segregate with A. maculatum (AEO32440), the rest of the I. scapularis cystatins cluster alone in SC9 or with I. ricinus (CAD68002) in SC11. Amino acid motif scanning analysis and signal peptide prediction revealed that sequences in clade ''A'' have characteristic subfamily I25A cystatin sequence features (Rawlings et al. 2012; Ochieng and Chaudhuri 2010) that consensus cystatin ''QXVXG'' amino acid motif and lack of a signal peptide and putative disulfide bonds ( Fig. 2A) . Cystatin sequences in clade ''B'' putatively belong to subfamily I25B (Rawlings et al. 2012; Ochieng and Chaudhuri 2010) in that, except for partial sequences, all have signal peptides with the ''QXVXG'' and ''PW'' amino acid motifs and the four consensus cysteine residues in the amino terminus region conserved (Fig. 2B, C) . We would like to note here the ''PW'' amino acid motif has been replaced in other tick cystatin sequences with ''IR'', ''HR'', ''PL'', PT, PA, ''LQ'', ''VW'', ''SK'', ''SV'', TG, in other sequences (not shown). It is important to note that two A. maculatum cystatins (AEO32139 and AEO33735) in clade A do have the ''PW'' motif, which is typical for subfamily I25B members (Rawlings et al. 2012 ).
With exception of sequences shown in Fig. 2 , overall amino acid identity levels between I. scapularis and other tick cystatins ranged between 10 and 30 % (not shown). Figure 2 summarizes cross-tick species conserved cystatins with amino acid levels above 50 %. In Fig. 2A, I . scapularis cystatin AAY66864 is cross-conserved in metastrata ticks as it showed 54 % amino acid identity to A. maculatum (AEO35899) and * 66-71 % to D. variabilis (ACF35512), H. longicornis (ABZ89553), R. sanguineus (ACX53850) and R. microplus (ABG369312). Similarly, I. scapularis cystatin ISCW011771 in SC1 shows 50 % amino acid identity to O. moubata (AAS55948) cystatin (not shown). It is also (Table 1) were downloaded from GeneBank. The downloaded sequences were subjected to guide phylogeny analysis using the neighbor-joining method in the Geneious sequence analysis software. notable that I. scapularis cystatin, ISCW000447 in SC10 is 100 % identical I. ricinus (CAD68002) (not shown). A similar analysis among metastriata tick cysatins identified four highly conserved clusters including A. americanum (AEO36092) and H. longicornis (ABZ89554) that show 73 % amino acid identity (Fig. 2B ) and D. variabilis (ACF35514) and A. americanum (AEO35688) that show *78 % amino acid identity (Fig. 2C) . Another interesting notable observation from our sequence analysis is that we observed that five I. scapularis cystatins ISCW018600, ISCW018601, ISCW018602, ISCW018603 and ISCW018604 occur in tandem with I. scapularis serpin (ISCW018607) (not shown) in the same region of the genome. It is also noteworthy that we identified clusters of highly identical I. scapularis cystatins including SC 9 sequences, ISCW018601, ISCW018602 and ISCW018603 that show 70-75 % amino acid identity and SC11 sequences, ISCW010785, ISCW002036, ISCW002037 and ISCW002215 that showed 89-92 % amino acid identity (not shown).
Temporal and spatial expression patterns of Ixodes scapularis cystatins
To gauge insight into the biological relationship of I. scapularis cystatins to the tick feeding cycle, temporal and spatial mRNA expression were determined using semiquantitative RT-PCR as summarized in Fig. 3 . We would like to note here that 12 instead of 14 I. scapularis cystatins were involved in this analysis. The reason is that during primer design we noticed that ISCW002215 and ISCW002216 as well as ISCW002036 and ISCW002037 were highly identical. Thus we eliminated ISCW002215 and ISCW002036 from this analysis. Except for ISCW017861 and ISCW010785 mRNA that appeared to be induced exclusively during the 24 h tick feeding time point (not shown) the rest of I. scapularis tick cystatins assayed in this study were constitutively and ubiquitously expressed in that they were amplified in salivary glands (SG), midguts (MG) and other tissue (OT) of unfed ticks and ticks that were fed for 24, 72 and 120 h feeding time points (Fig. 3A) . Normalized mRNA abundance summarized in Fig. 3B reveal three I. scapularis cystatin gene expression patterns during the first 5 days of tick feeding. In the first pattern, ISCW011771, ISCW002215 and ISCW0024528 (Fig. 3B , panels P1-P3), transcript abundance increases by *1.5-twofold at the 24 h feeding time point before dropping to near steady state by the 72 h time point. Transcript abundance starts to go back up from the 120 h time point in the case of ISCW002215 and ISCW0024528 (Fig. 3B , panels P1 and P2). In the second pattern (P4-P6), transcript abundance of ISCW000447, ISCW018602 and ISCW018603 is apparently up regulated as ticks continue to feed as indicated by an *2-4 fold increase in transcript abundance by the 120 h feeding time point. In the third group mRNA of ISCW018600, ISCW018601 and ISCW018604 (P7-P9) are apparently constitutively expressed and not responsive to tick feeding activity as their mRNA abundance did not significantly vary during tick feeding. It is interesting to note that while ISCW018601 show steady state mRNA expression in the SG and MG, its mRNA , midguts (MG) and tick remnants after removal of SG and MG (OT) dissected from unfed and adult ticks that were partially fed on rabbits for 24, 72 and 120 h were subjected to two step RT-PCR analysis as described on materials and methods. B Normalized I.scapularis cystatin mRNA abundance: PCR band intensity as proxy for cystatin mRNA in assayed samples was normalized against tick actin abundance using the formula, Y = V ? V(H-X)/X. In this formula Y is the normalized mRNA density, V is the observed cystatins PCR band density in individual samples, H is the highest tick actin PCR band density among tested samples and X is the tick actin PCR band density for the test sample. filled circle = MG, filled square = SG, filled triangle = OT Exp Appl Acarol (2013) 60:41-53 49 abundance appear to be down regulated in response to feeding in other tissues. ISCW017861 and ISCW010785 mRNA are weakly expressed during the first 120 h of I. scapularis feeding in that even after 40 PCR cycles, PCR products were barely detectable on agarose gels and thus we did not quantify.
Discussion
A recent study by Schwarz et al. (2012) up dated the status of knowledge on the role of cystatins in tick physiology. Findings in this study confirm previous reports (Schwarz et al. 2012; Karim et al. 2010 ) that consistent with other parasites (Klotz et al. 2011) , the majority of tick cystatins are in subfamily I25B followed by few members in subfamily I25A. From the perspective of tick vaccine development research, subfamily I25B cystatins are attractive in that they are extracellular (Turk and Bode 1991; Abrahamson 1994) and are likely to be bio-accessible by host immune response factors. Our finding of tick cystatins that show high amino acid conservation in multiple tick species is significant in that they are likely to regulate biological functions that are important to all ticks. High amino acid conservation is a characteristic for proteins that are under purifying or negative selection where retention of function through speciation is critical to the survival of stability of the organism (Pacheco et al. 2012) . If this is consistent, conserved cystatins being reported in this study represent important target antigens for tick vaccine or drug development. It is interesting to note that, in certain parts of the world animals are infested by multiple different tick species at most times. Strategically it is appealing to target highly conserved targets such as cystatins described in this study for development of novel control strategies to protect animals against any tick species. We would like to note here that I. scapularis cystatins AAY66864 which is conserved in both prostriata and metastriata ticks is putatively intracellular and thus making it not less attractive as a target antigen for tick vaccine development. However, its conservation between prostriata and metastriata ticks warrants further study into its biological functions. Further understanding of its functions could reveal important pathways that are essential to all ticks. The functional redundancy phenomenon where a biochemical process is regulated by multiple highly identical protein factors has been observed in many organisms (Bedner et al. 2011; Swarnakar et al. 2012) . Although empirical functional analysis data is needed for validation, the high amino acid conservation between some of the I. scapularis cystatins observed in this study could signal functional redundancy. Its been observed in cases of functional redundancy that losing function of one enzyme had minimal or no adverse effect on an organism (Wagner 2000) . Willadsen (2006) recognized the potential limitation of targeting redundant molecular systems such as the highly conserved I. scapularis cystatins in this study for tick vaccine development in that targeting one or a few candidates may not necessarily affect tick physiology. Thus in targeting potential functionally redundant groups of proteins for tick vaccine development, the strategy will be to target the all group in multivalent vaccine development approach. From the perspective of increasing of our knowledge of tick molecular biology, another interesting observation in this study is the observed occurrence of five I. scapularis cystatins in tandem with a serpin. Some serpins are cross-class inhibitors of both serine and cysteine proteases (Wladyka et al. 2011; Higgins et al. 2010; Herrera-Mendez et al., 2009; Hwang and Hook 2007) . It will be interesting to investigate whether or not the I. scapularis serpin observed here in tandem with cystatins is a functional cysteine protease inhibitor.
Temporal and spatial mRNA expression profiling during tick feeding has routinely been used to gauge insight into the roles of candidate genes in regulation of the tick feeding process (Sonenshine et al. 2011; Zhang et al. 2011; Tian et al. 2011; Anisuzzaman et al. 2011) . Consistent with other tick cystatins that showed ubiquitous expression patterns (Schwarz et al. 2012 ) and the observation of I. scapularis being expressed in all tested organs is indicative of their potential to regulate important biological functions in tick physiology. On the basis of expression profiles observed in this study, I scapularis cystatins were likely associated with early stage tick feeding events such as attachment and/or creation of the tick feeding site when highest transcript abundance was observed at 24 h post-attachment. Those genes with transcript abundance increasing in response to feeding are potentially involved in regulating blood meal up take. There is also a possibility that some of the cystatins are not associated with tick feeding regulation in that their transcript abundance did not vary in response to tick feeding activity. It is important to note here that two I. scapularis cystatins, ISCW018602 and ISCW018603 were also previously shown to be expressed in SG and MG of partially fed I. scapularis ticks (Schwarz et al. 2012) . Data in this study indicates these cystatins are also expressed in unfed ticks and that their transcript abundance increases with tick feeding. We would like to note here that biased by our long-term interest in secreted tick saliva proteins, we did not determine the expression profile of AAY66864, which is apparently an intracellular cystatin. However, in a previous study, AAY66864 was shown to be expressed in tick SG (Lima et al. 2006) . In assuming that cystatins are involved in tick feeding regulation, the assumption is that they are injected into the host during tick feeding. Thus, the next phase of this project is to validate secretion of candidate cystatins into the host during tick feeding.
